Protein D is an immunoglobulin D-binding membrane protein exposed on the surface of the gram-negative bacterium Haemophilus influenzae. Results (12, (33) (34) (35) . The polysaccharide vaccines do not protect against infections caused by nonencapsulated (nontypeable) H. influenzae strains, and therefore, surfaceexposed proteins such as pili (6) and outer membrane proteins (7, 11, 14, 17) 
Haemophilus influenzae type b is a major cause of meningitis and other invasive infections among children under the age of 4 in Europe and the United States (29, 31) .
Nontypeable H. influenzae is a common cause of otitis media and sinusitis in children (27) . Patients with cystic fibrosis and chronic bronchitis often carry H. influenzae, which recently has been recognized as an important cause of pneumonia (27) .
The current vaccines are based on purified type b capsular polysaccharide. The vaccines have proven to be effective against H. influenzae type b disease in children at the ages of 2 to 5 years. Children under the age of 2 respond poorly to the vaccine unless the polysaccharide is conjugated to protein carriers (12, (33) (34) (35) . The polysaccharide vaccines do not protect against infections caused by nonencapsulated (nontypeable) H. influenzae strains, and therefore, surfaceexposed proteins such as pili (6) and outer membrane proteins (7, 11, 14, 17) have been investigated in order to find a vaccine effective against both type b and nontypeable H.
influenzae. Four H. influenzae outer membrane proteins have been shown to give rise to protective antibodies in immunized animals. These proteins include the P1 heatmodifiable outer membrane protein (21) , the major P2 porin protein (26) , the P6 peptidoglycan-associated lipoprotein (25) , and a surface protein with an apparent molecular weight of 98,000 (17) . A protein chosen as a vaccine component must be highly conserved in order to give protection from infection by heterologous strains. Of the vaccine candidates mentioned above, at least P2 has been shown not to protect against challenge by heterologous strains (26) .
Recently, a 42-kDa membrane-associated immunoglobulin D (IgD)-binding protein, named protein D, was described (32) . Protein D was found in all of the 127 H. influenzae strains tested for direct binding of IgD to their surfaces (1) . By using four different monoclonal antibodies directed against protein D, it was also shown that the IgD-binding molecule is highly conserved (1 (16, 40 
MATERIALS AND METHODS
Bacterial strains, plasmids, bacteriophages, and media. Escherichia coli JM83 (41) was used as recipient for plasmids pUC18 (41), pHIC348 (16) (carrying the hpd gene), and pHIC501 (this study). E. coli JM101 (41) and SDM (38) were used as hosts for M13mpl8 bacteriophages (41) . E. coli SDM was supplied with the T7-GEN in vitro mutagenesis kit (United States Biochemical, Cleveland, Ohio). H. influenzae 772 (32) was grown in brain heart infusion broth (Difco Laboratories, Detroit, Mich.) supplemented with NAD and hemin (Sigma Chemical Co., St. Louis, Mo.), each at 10 ,ug/ml. E. coli strains were grown in Luria-Bertani (LB) broth (22) or 2x YT media (23) . LB agar and 2x YT agar contained, in addition, 1 (36) . Briefly, 100-ml cultures of bacteria were grown to an optical density at 550 nm of 0.5 (approximately 3 x 10' CFU/ml), harvested by centrifugation at 4,000 x g for 10 min at 4°C, and washed with 1 volume of 200 mM Tris HCl (pH 8.0). The cell pellets were suspended in 1 ml of 20 mM Tris HCl (pH 8.0)-10 mM EDTA-2% Triton X-114. After incubation for 4 h at 4°C, cellular debris was removed by centrifugation. The supernatants were removed and warmed to 37°C in a water bath to allow phase separation to occur. After centrifugation for 10 min at 13,000 x g, the upper aqueous phase was separated from the detergent phase. The aqueous phases were cleansed by addition of 10% Triton X-114 to a final concentration of 2%, and the detergent phases were diluted to the original volume by adding 20 mM Tris HCI (pH 8.0)-10 mM EDTA at 0°C (30) . The washing procedure was repeated three times.
Cell fractionation. Osmotic shock treatment of E. coli carrying either pHIC348 or pHIC501 was carried out essentially as described by Heppel (15 10 ,000 x g for 10 min at 4°C. The supernatant was discarded, and the cells were suspended in ice-cold 0.5 mM MgCl2 (80:1 [vol/wt]). The samples were aliquotted into two portions of identical volumes. One aliquot was centrifuged as described above, while the other was kept on ice until sonicated. The supernatant containing periplasmic proteins was collected. The pellet was washed once in 10 mM Tris hydrochloride (pH 8.0) before suspension in the original volume of MgCl2. Supernatants, pellets, and wholecell extracts were sonicated to lyse any remaining cells. Membranes and debris were pelleted by centrifugation at 100,000 x g for 1 h at 4°C. The supernatants containing periplasmic, cytoplasmic, and cytoplasmic-periplasmic extracts were collected. The membrane pellets were washed once in 10 mM Tris hydrochloride (pH 8.0) before being suspended in sample buffer.
The amount of cell lysis in the periplasmic extracts was estimated by comparing the malate dehydrogenase (MDH) activity in the periplasmic fractions with the activity in the cytoplasmic fractions and the supernatants of sonicated cells. The latter sample was taken to represent 100% lysis. MDH activity was determined as the oxaloacetate-dependent oxidation of NADH (42) Each pellet was delipidated as described above. The pellets were suspended and boiled in sample buffer, and the proteins were separated by SDS-PAGE. After being stained with Coomassie brilliant blue and destained, protein bands corresponding to protein D were excised from the gel. A protein band corresponding to a nonradiolabeled protein was also excised as a control for background radioactivity. Sequential alkaline and acid hydrolyses were performed after three 2-ml washes with 50% methanol (5). Released fatty acids were extracted according to the method described by Bligh and Dyer (3) .
Amino acid sequence analysis. Automated amino acid sequence analysis was performed on mutated protein D released by osmotic shock (15, 16 ) from E. coli JM83 harboring pHIC501. The released proteins, generally considered to be of periplasmic origin, were loaded onto a SDSpolyacrylamide gel and electroblotted to Immobilon membrane as described above. Strips were stained with Ponceau S (Sigma), and a band corresponding to protein D was excised from unstained membrane. The amino acid sequence analysis was performed as described previously (32) .
RESULTS
Site-directed mutagenesis of hpd. In order to investigate the functional role of the cysteine 19 residue in protein D as a site for acylation, a mutant in which this amino acid was substituted for a glycine was constructed by site-directed mutagenesis in phage M13 as outlined in Fig. 1 . The 675-bp HindIII-EcoRI fragment in pHIC348 was cloned into phage M13mpl8 before being subjected to the mutagenesis reaction directed by the oligonucleotide, which carried a single T-to-G mutation. Six putatively mutated plaques were chosen for DNA sequencing. All six clones carried the shift from T to G at the correct position (results not shown). Apart from this single substitution, the clones were identical to the wild-type pHIC348. Replicative-form DNA was prepared from one of the mutants, and a 359-bp HindIII-NheI fragment carrying the mutation was isolated. This fragment was then ligated with pHIC348 DNA lacking the corresponding wild-type HindIII-NheI fragment to create the plasmid pHIC501. The gene carrying the cysteine 19-to-glycine 19 substitution is designated hpd-1.
Triton X-114 extraction of bacteria. It has previously been reported that protein D was localized to the membrane even though a hydropathy plot (18) (Fig. 2A) . Only a limited number of proteins were present in the detergent phase ( Fig. 2A) . The solubilized protein D from H. influenzae 772 was exclusively found in the detergent phase (Fig. 2B, lane 3) . Protein D expressed from pHIC348 partitioned mostly to the detergent phase. Less than 10% as estimated from the stained blot was found in the aqueous phase (Fig. 2B) . Protein Dm expressed from pHIC501 exclusively partitioned in the aqueous phase (Fig.  2B, lane 8) .
Localization of protein Dm. An experiment in which E. coli cells carrying pHIC348 or pHIC501 were subjected to osmotic shock (15) was performed in order to investigate the localization of protein Dm (Fig. 3) . The mutated form of protein D was found mainly in the periplasmic fraction, whereas nonmutated protein D was found in the membrane fraction. Weak bands were observed in the cytoplasmic fractions (Fig. 3) . The degree of cell lysis was monitored by measuring the leakage of the cytoplasmic enzyme MDH into the periplasmic fractions. The efficiency of release of periplasmic proteins was assayed by measuring the activity of the periplasmic enzyme I-lactamase. Less than 10% of the total MDH activity was found in the periplasmic fractions, and less than 3% of the total P-lactamase activity was found in the cytoplasmic fractions (Table 1) . Protein Dm encoded by pHIC501 appeared to migrate slightly faster in SDS-PAGE than pHIC348-encoded protein D (Fig. 2B and 3 (Fig. 4) . A protein in the cell extracts from H. influenzae 772 and E. coli JM83(pHIC348) with electrophoretic mobility identical to that of protein D was found to contain covalently bound radiolabeled fatty acid (Fig. 4 2) . In E. coli JM83(pHIC501) and E. coli JM83(pUC18), the corresponding bands were absent (Fig. 4,  lanes 3 and 4) . Western blot analysis of palmitate-labeled proteins showed that protein Dm could be detected in the E. coli JM83(pHIC501) lysate (results not shown). From these experiments, it is concluded that protein D is acylated in E. coli and that the cysteine residue at position 19 is involved in acylation of the E. coli-expressed protein D molecule. In the H. influenzae extract, it is possible that a protein of the same electrophoretic mobility as protein D is acylated. However, in SDS-PAGE analysis, when H. influenzae cells were labeled with [3HJpalmitic acid in the presence of the antibiotic globomycin, which is known to specifically inhibit the processing of lipoproteins, the IgD-binding band and the radiolabeled 42-kDa band were found in slightly higher positions than protein from bacteria grown in the absence of globomycin (Fig. 5) .
Analysis of 3H-fatty acid linkage to protein D. To verify that the 3H radiolabeling of protein D was due to the covalent attachment of radioactive fatty acids, a band corresponding to protein D was excised from SDS-PAGE gels of Triton X-114 phase extracts of [3H]palmitate-labeled H. influenzae 772 and E. coli JM83(pHIC348). The gel slices were subjected to sequential alkaline and acid hydrolyses. Approximately 80% of the radioactivity was released after the alkaline hydrolysis, whereas 20% was released after subsequent hydrolysis in acid, showing that protein D contains both ester-linked (sensitive to NaOH) and amide-linked (sensitive to acid) fatty acids.
Determination of N-terminal amino acid sequence of protein Dm. Attempts to determine the N terminus of protein D from H. influenzae have previously been unsuccessful (32) . A compilation of N termini from other bacterial lipoproteins clearly shows that it is the acylated cysteine residue that forms the N terminus after removal of the signal sequence (40) Fig. 2 and 3 ) might be explained by the lack of five amino acid residues and covalently attached fatty acids. Even though five amino acid residues are missing in the amino-terminal end of protein Dm compared with native protein D, it is unlikely that these amino acids are involved in anchoring the protein to the membrane, since 19 (1, 16) . However, one potential factor limiting the usefulness of protein D is its lipoprotein nature, which makes the protein hard to purify. The expression of the hpd gene in E. coli from its endogenous promoter is relatively weak, and if the insert is inverted to facilitate a better expression, the tandem arrangement of the lacZ promoter of the vector and the hpd promoter is toxic to the bacteria (16) . Nonacylated protein D encoded by pHIC501 is hydrophilic (Fig. 2) . Preliminary data show that this protein can be purified by ion-exchange chromatography from periplasmic extracts of E. coli harboring pHIC501. The purified nonacylated protein D could then be used in investigations in which the immunological response to protein D is studied. The non-lipid-containing protein D molecule may not have the same immunological properties as the native protein, since the lipid attached to lipoproteins has been proven to be mitogenic to lymphocytes (2) . However, in experiments with a nonacylated form of H. influenzae lipoprotein PAL (P6), it was demonstrated that the nonacylated protein (rPAL) was as immunogenic as the native protein and that rPAL gave rise to protective antibodies in animal models (13) .
The IgD-binding upper respiratory tract pathogens H. influenzae and Moraxella (Branhamella) catarrhalis (9) (8) . Experiments in which antigen was conjugated to anti-IgD antibody gave up to 1,000-times-higher antibody titers than those in which antigen was injected alone (20) , indicating that interaction with IgD expressed on the surface of lymphocytes is a very important step in B-and T-celI activation. Further investigations will be performed in order to investigate whether protein D can activate lymphocytes in the way antibodies directed against surface IgD do and give rise to large antibody responses in individuals immunized with protein D.
